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cations in one layer and transition metal cations in a second adjacent metal layer. This pattern repeats along the c-axis direction. Recent work showed that NaNi 1/3 Fe 1/3 Mn 1/3 O 2 delivered much higher capacity and cycling stability due to the increased amount of redox active Ni (1/3 > 1/4) as well as the addition of Fe. The NaNi 1/3 Fe 1/3 Mn 1/3 O 2 was used as cathode material to fabricate 1-Ah soft pack Na-ion batteries and showed good cycling stability, with capacity retention over 73% after 500 cycles at the 1 C rate. [12] However, phase changes during sodium intercalation of NaNi 1/3 Fe 1/3 Mn 1/3 O 2 have yet to be explored. Since, in general, the absence of a phase transformation and volume changes is considered to be key to achieving high battery performance, understanding the phase changes in these Na-based materials is important and could help design improved cells. The phase transitions of LiMn 2 O 4 , LiNi 1-x M x O 2 (M = transition metal), and LiFePO 4 materials [13] [14] [15] have been widely investigated, and the structural change and reaction mechanism during the lithiation/delithiation process are well understood. Thus, the phase transformations and reaction mechanisms of layered Na TMO during electrochemical sodium-ion intercalation need to be further ascertained to push this technology to the market. Herein, we provide new information regarding the phase transformations in NaNi 1/3 Fe 1/3 Mn 1/3 O 2 during cycling. The formation of a nonequilibrium solid-solution phase with the existence of two phases, that is, Na 1-δ Ni 1/3 Fe 1/3 Mn 1/3 O 2 (0 < δ < 1), has been clearly identified for the first time.
The NaNi 1/3 Fe 1/3 Mn 1/3 O 2 was prepared by a novel synthesis route reported elsewhere, [12] and the electrochemical characteristics are shown in Figure S1 of the Supporting Information. To understand the phase transformation of NaNi 1/3 Fe 1/3 Mn 1/3 O 2 materials during Na-ion intercalation, we conducted in situ X-ray diffraction (XRD) and in operando transmission X-ray microscopy (TXM) on a NaNi 1/3 Fe 1/3 Mn 1/3 O 2 /C cell during cycling, together with electron microscopy of samples in the charged state. The in situ XRD patterns of the NaNi 1/3 Fe 1/3 Mn 1/3 O 2 during charge and discharge are illustrated in Figure 1 .
When the cut-off voltage of charge was set to 4.0 V, as evident in Figure 1a , all the diffraction peaks could be indexed to the space group R-3m with hexagonal layered structure during cycling. When charging proceeds, each diffraction peak associated with the O3 phase begins to change with the increase of charge voltage, with the (003) and (006) peaks shifting to lower angles. Some new peaks that can be assigned to a hexagonal Sodium-ion batteries have great potential for low-cost electrochemical energy storage, since sodium is one of the most abundant elements on earth and exhibits similar chemical properties to lithium. [1] Research on the Na-ion battery, because of its similar chemistry to that of Li, has benefitted from the knowledge gained about Li-ion chemistry over the past decades, allowing them to quickly move toward practical applications and commercialization. Currently, two types of cathode materials have been developed for rechargeable sodium batteries, transitionmetal oxide (TMO) materials [2, 3] and the Prussian analogue, [4] with layered TMO materials considered as the most promising.
Since Na x CoO 2 was first explored for reversible electrochemical intercalation of Na + , many layered TMO materials have been developed as cathode materials, including Na x MnO 2 , [5] NaNi 0. 5 [11]
The NaNi 1/3 Fe 1/3 Mn 1/3 O 2 possesses a layered structure with Na wileyonlinelibrary.com P3 phase start to appear at the charge voltage of 3.20 V. When the charge voltage increases to 3.3 V, the (003), (101), (012), and (110) peaks split into two, indicating a two-phase reaction with the coexistence of O3 and P3 phases in the voltage range of 3.2-3.3 V. The presence of two phases suggests a substitutional solid solution of Na 1-δ Ni 1/3 Fe 1/3 Mn 1/3 O 2 (0 < δ < 1) with compositional variation during charge. In the subsequent charge, the (003) and (110) peaks merge into one (003) P3 peak at 3.50 V, corresponding to the formation of P3 phase. Such peaks (P3 phase) continuously shift until the cell is charged to 4.0 V without the appearance of other new peaks, but the Na content of the substitutional solid solution decreases. The in situ XRD data clearly indicate the existence of a nonequilibrium solid-solution reaction during charging. During the discharge, the XRD pattern indicates an exact opposite electrode evolution compared with charge, suggesting that the phase transformation of Na 1-δ Ni 1/3 Fe 1/3 Mn 1/3 O 2 is reversible through an O3-P3-P3-O3 sequence during cycling. The change in lattice parameters of Na 1-δ Ni 1/3 Fe 1/3 Mn 1/3 O 2 during cycling was determined by using Fullprof software (Table S1 , Supporting Information). Clearly, the structure of Na 1-δ Ni 1/3 Fe 1/3 Mn 1/3 O 2 is very stable when cycled in the voltage range of 2.0-4.0 V.
By contrast, as evident in Figure 1b , the phase transformation of Na 1-δ Ni 1/3 Fe 1/3 Mn 1/3 O 2 is completely different when the cutoff voltage is set to 4.3 V. The phase change follows the sequence of O3 to P3 when charged from 3.2 to 4.0 V, but in the charge voltage range of 4.0-4.3 V, the (003) P3 shifts to higher angle and splits into two again. These two peaks eventually merge to a new (003) peak, indicating a new nonequilibrium phase, which is assigned to a monoclinic O3′ phase consisting of a distorted lattice in comparison to an ideal hexagonal cell. [16] Note that a two-phase reaction with the coexistence of P3 hexagonal and O3′ monoclinic phases occurs in the charge voltage range of 4.0-4.1 V. In situ XRD shows a reversible evolution Table S2 of the Supporting Information. The lattice parameters for such O3′ monoclinic phases are a = 8.5394 Å, b = 5.3697 Å, and c = 2.4631 Å. Interestingly, a single O3′ monoclinic phase is maintained to cutoff voltage of 4.3 V. During discharge from 3.5 to 3.0 V, the (003) peak shifts to a lower angle, and the O3′ monoclinic phase transforms to P3′ monoclinic phase. The O3 phase is recovered via O3′-P3′-O3 during discharge.
To more firmly establish the existence of the O3′ monoclinic phase, high-resolution transmission electron micro scopy (HRTEM) and electron diffraction were performed on the Na 1-δ Ni 1/3 Fe 1/3 Mn 1/3 O 2 sample charged to 4.3 V. Figure 2 shows the TEM and diffraction images for a grain in two orientations related to one another by a 30° rotation along the basal plane. Figure 2a -c shows TEM imaging, diffraction information extracted from the TEM images by a Fourier transform, and nanobeam electron diffraction, respectively, from the grain in one orientation. Figure 2d -f shows the same data for the grain in the second orientation. The structure is determined by electron diffraction from the two crystal orientations. The HRTEM images (Figure 2a,c) show a layered structure consistent with an Na 1-δ Ni 1/3 Fe 1/3 Mn 1/3 O 2 phase. Based on the local diffraction information (Figure 2b,d) [17] Likewise, nanobeam diffraction patterns (Figure 2e,f) can be indexed to a monoclinic C2/m structure, but cannot be indexed to a rhombohedral R-3m structure, consistent with the assignment of a monoclinic space group for the Na 1-δ Ni 1/3 Fe 1/3 Mn 1/3 O 2 phase. Electron diffraction suggests that the phase is monoclinic.
To further verify the presence of a nonequilibrium solid solution of Na 1-δ Ni 1/3 Fe 1/3 Mn 1/3 O 2 as well as to find the composition of the solid solution, we tracked the denatrium reaction of NaNi 1/3 Fe 1/3 Mn 1/3 O 2 during cycling by using an in operando approach combining TXM and X-ray absorption near edge structure (XANES) spectroscopy. [18] A series of full-field TXM-XANES images of the inhomogeneous phase distribution for the multiparticle Na 1-δ Ni 1/3 Fe 1/3 Mn 1/3 O 2 system was collected. These images were separately collected by scanning the energies across the Fe K-edge (7131 eV) and Ni K-edge (8333 eV) at different sweep potentials during galvanostatic cycling. Ex situ XANES analysis was also performed to investigate the reaction mechanism of NaNi 1/3 Fe 1/3 Mn 1/3 O 2 under sodium-ion intercalation. Three electrode samples were charged to voltages of 3.5, 4.0, and 4.3 V, and another sample was charged to 4.3 V and then discharged to 2.0 V. The pristine NaNi 1/3 Fe 1/3 Mn 1/3 O 2 material was included for comparison. Figure 3b -d shows normalized Ni, Fe, and Mn K-edge XANES spectra of the five samples. The Ni K-edge spectrum shows an important shift toward the higher energy region as charge increases from 3.5 to 4.0 V. We associate this shift with the Ni 2+ /Ni 3+ redox reaction, suggesting that Ni 2+ is oxidized to a higher valence of Ni 3+ , and that only the Ni 2+ /Ni 3+ redox couple is active at low voltage. At a charge of 4.3 V, no significant shift is observed in the spectra corresponding to the Mn K-edge. The Fe K-edge XANES spectra in Figure 3c show a small shift to higher energy regions when charged to 4.0 and 4.3 V. This shift is similar to the behavior for the different Fe oxidation state observed in O3-Na x Mn 1/3 Fe 2/3 O 2 , [19] and supports our assumption that the Fe 3+ /Fe 4+ reaction occurs when the cell is charged to 4.3 V. At the same time, the Ni K-edge spectra continue to shift toward the higher energy regions, indicating that the Ni 3+ /Ni 4+ redox couple is active at the higher voltage region. That is to say, the Fe 3+ /Fe 4+ reaction occurs after full oxidation of Ni 2+ ions. In contrast, the change of the Mn K-edge spectrum is not obvious during Na intercalation. It can thus be affirmed that Ni and Fe are both active, and redox couples of Ni 2+ /Ni 3+ /Ni 4+ and Fe 3+ /Fe 4+ are responsible for the compensation mechanism. [10, 20] For the 2.0 V sample, no shift in the spectra is observed compared with the pristine sample, indicating that the valence states of Ni, Fe, and Mn in Na 1-δ Ni 1/3 Fe 1/3 Mn 1/3 O 2 can return to their former state after cycling.
In summary, an in operando XRD and TXM-XANES technique was established to investigate the structural evolution of cathode materials for sodium-ion batteries. The structural evolution of Na 1-δ Ni 1/3 Fe 1/3 Mn 1/3 O 2 depends on the cutoff voltage. Reversible evolution of the O3-P3-P3-O3 hexagonal phase occurs when the cutoff voltage is set to 4.0 V. When the cutoff voltage is set to 4.3 V, an O3′ and P3′ monoclinic phase occurs, and the O3 phase is recovered via O3′-P3′-O3 phase transformation during discharge. The in operando TXM-XANES mapping shows a few mixed-phase zones, revealing the existence of a substitutional solid solution in Na-poor Na 
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